The origin of efficiency-lifetime trade-off in triplet-triplet fusion (TTF) type blue fluorescent organic light-emitting diodes (OLEDs) was investigated and the device structure to resolve the issue was developed. The efficiency and lifetime were simultaneously improved in the blue OLEDs by developing a multilayer hole transport stack which can adjust carrier densities and recombination zone in the emitting layer (EML). It was found that electron leakage from EML and high spatial density of excitons in the vicinity of the electron blocking layer for high TTF rates by narrow recombination zone are the detrimental factors for efficiency-lifetime trade-off. A multilayer hole transport stack employing a deep highest occupied molecular orbital hole transport layer and an electron blocking layer combined with an appropriate hole blocking layer simultaneously improved the power efficiency by 16% at 500 cd/m 2 and lifetime by almost 100% (from 73 h up to 145 h). In addition, the low efficiency in the low luminance region was also completely controlled, resulting in negligible efficiency variation in the entire luminance range.
Introduction
In 1987, organic light-emitting diode (OLED) was invented for the first time [1] . However, a new era of OLED technology was practically started after OLED was applied to mass-produced smartphones in 2010. Since then, the OLEDs have been tremendously improved in all aspects. Especially, power efficiency has been dramatically improved due to the successful adoption of red and green phosphorescent materials with 100% internal quantum efficiency [2, 3] . In contrast to red and green phosphorescent OLED technologies, deep blue phosphorescent OLED technology has not been mature enough in a viewpoint of operational stability, so-called lifetime. Extremely short lifetime is the largest hurdle for commercialization of blue phosphorescent OLEDs [4] [5] [6] [7] . Recently developed thermally activated delayed fluorescent (TADF) OLEDs also have the same lifetime issue [8] . In addition to electrochemical instability of phosphorescent and TADF emitting materials [4, 9] , exciton-exciton and/or exciton-polaron collision processes are generally attributed to the short lifetime of phosphorescent and TADF OLEDs [10, 11] . In order to minimize excitons collision process in the emitting layer (EML), several research groups attempted to delocalize high energy excitons by balancing hole and electron density in the EML [12] or doping the EML with different energy levels [7] . Despite numerous efforts, the lifetime of blue phosphorescent and TADF OLEDs has not satisfied the industrial criteria yet. Therefore, from an industrial point of view, it is critical to extract maximum efficiency and lifetime in deep blue fluorescent OLEDs (FOLEDs) until phosphorescent or TADF OLED technology matures enough for commercialization.
In the previous report [13] , we found that electrons are the major carriers in the EML of blue FOLEDs. The amount of electron injection into EML strongly affected the electron leakage out of EML and determined the operational stabilities. By reducing electron density in the EML and electron leakage current with carrier blocking layer, we successfully improved the lifetime by more than 5 times. However, the efficiency was not enhanced at the same time since the recombination rate is determined by the amount of charges in the EML with Langevin recombination prevailing.
Herein, we report the results from systematic experiments to analyze the root causes of efficiency-lifetime trade-off and to develop a device structure to improve the efficiency and lifetime of blue FOLEDs at the same time. Hole and electron densities in the EML were optimized in all voltage (or luminance) range by applying a hole transporting layer (HTL) with a deeplying highest occupied molecular orbital (HOMO) level in the multilayer hole transport stack structure [14, 15] . It was found that when electron current increases, high spatial density of excitons in close proximity of electron blocking layer (EBL), resulting in strong p-type delayed emission from triplet-triplet fusion (TTF) and high efficiency due to narrow recombination zone. However, the increase of electron injection into EML leads the increase of electron leakage to EBL as well and accelerates device degradation. The charge balance and the width of the recombination zone were optimized by applying the multilayer hole transport stack combined with the hole blocking layers (HBLs). Consequently, both current/power efficiency and lifetime were successfully and simultaneously improved by 7.5/16% at 500 cd/m 2 and almost 100% (from 73 h up to 145 h), respectively. In addition, negligible variation of efficiency in the entire luminance range was found.
Experiments
The OLEDs were fabricated on glass substrates with indium tin oxide (ITO) pre-coated. For top emission device, 100 nm of Ag was deposited underneath the ITO for strong microcavity effect. The ITO was cleaned in an ultraviolet-ozone condition for 10 min prior to conventional vacuum deposition of organic materials. 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) as p-dopant was mixed in HTL material as hole injection layer (HIL), followed by thick HTL. In this report, N 4 ,N 4 ,N 4 ′ ,N 4 ′ -te tra ([1 ,1′ -bi phe nyl ]-4 -yl )-[ 1,1 ′-b iphenyl]-4,4′-diamine (BPBPA) was used as a reference HTL and N,N′-di-1-naphthalenyl-N,N′-diphenyl-[1,1′:4′,1′′:4′′,1′′′-quaterphenyl]-4,4′′′ diamine (4P-NPD) as a comparison [14, 15] . Between HTL and EML, tris(4-(naphthalen-1-yl)phenyl)amine (TNPA) was deposited as an EBL. 9-(Naphthalen-1-yl)-10-(naphthalen-2-yl)anthracene (NNA) and N 1 ,N 6 -bi s(9 ,9-dim eth yl-9H-flu ore n-1 -yl )-N 1 ,N 6 -dip hen ylpyrene-1,6-diamine (DFDPA) were used as host and dopant in the EML, respectively. As an electron transport layer (ETL), bis-4,6-(3,5-di-3-pyridylphenyl)-2-phenyltriazine (B3PyPTZ) mixed with hydroxyquinolinolato-lithium (Liq) was used. 2,4,6-tri([3,3′-bipyridin]-5-yl)-1,3,5-triazine (TBPT) and 2,4,6-tris(4(naphthalen-1-yl)phenyl)-1,3,5triazine (TNPT) were used as hole blocking layers (HBLs) in this report. Liq was used as electron injection layer (EIL) and finally, Mg-Ag alloy and additional HTL material were employed as cathode and capping layer, respectively. For experiments with a sensing layer, thick metal cathode (80 nm) was used with Ag-free ITO substrates for bottom emission devices. For 1 nm of sensing layer, red dopant, iridium (III) bis(2-phenyl quinolyl-N,C20) acetylacetonate (PQIr) was doped in 9-(4-(naphthalen-1-yl)quinazolin-2-yl)-9′-phenyl-9H,9′H-3,3′-bicarbazole (NQPBC) host at 2 vol%. The structure of reference device was Ag (100 nm)/ITO (7 nm)/HTL: F4TCNQ (10 nm: 3 vol%)/HTL (~ 120 nm)/TNPA (5 nm)/ NNA:DFDPA (20 nm: 3 vol%)/B3PyPTZ:Liq (35 nm : 50 vol%)/Liq (1 nm)/Mg:Ag (12 nm : 10 vol%)/BPBPA (80 nm). All materials were deposited at a rate of 1 Å/s. The device structure is schematically depicted in Fig. 1 along with energy levels and chemical structures of the materials.
Results and Discussion
As discussed in the previous report [13] , the trade-off between efficiency, lifetime and S-shaped variation of efficiency in low voltage (or luminance) are closely interrelated and caused by the nature of hole/electron imbalance due to electron richness in the EML. Therefore, the reduction of efficiency could not be avoided although the lifetime was dramatically improved. In this report, a detailed investigation about the efficiency-lifetime trade-off was further carried out and a device structure adopting 4P-NPD as an HTL with a deep-lying HOMO was investigated for the effect of hole injection/transport into EML [14, 15] .
To validate the effect of BPBPA and 4P-NPD as HTL on the device performance, the BPBPA and 4P-NPD based FOLEDs were fabricated. In addition, in order to investigate the effect of electron injection into EML, TNPT or TPM-TAZ were introduced as HBL in three FOLEDs (BPBPA:TPM-TAZ, 4P-NPD:TPM-TAZ, and 4P-NPD:TNPT devices). The HBLs in our FOLEDs enhance the electron injection from ETL to EML. Figure 2a compares the J-V characteristics of all devices and clearly shows TPM-TAZ shows a superior electron injection/transport to TPNT (or lower resistance) with both HTLs. Moreover, the current densities of 4P-NPD devices exhibit higher current densities than the counterpart of BPBPA devices in the entire voltage range. The details of the high current density of 4P-NPD devices will be addressed later. Figure 2b presents the efficiency of all the devices as a function of luminance. We define the degree of S-shaped variation of efficiency (S) as the ratio of efficiency at 1 cd/m 2 to that at 1000 cd/m 2 .
The arrows in Fig. 2b mark the inflection points of S-shaped efficiency variation. Since human eyes are more sensitive to low brightness condition, the efficiency variation in the low luminance region deteriorates the quality of RGB OLED display panels. No variation of efficiency in low voltage (or luminance) was observed in 4P-NPD FOLED, while a notable variation of efficiency was present in BPBPA FOLED. The S values for BPBPA and 4P-NPD FOLEDs are1.73 and 0.96, respectively. The efficiency of 4P-NPD FOLED was almost constant throughout the luminance (or current) range, which indicates that the charge balance remained constant. Since exciton-exciton or exciton-polaron collision can be ignored in low luminance or current region, the current efficiency simply represents the charge balance in the EML. Interestingly, the efficiency of 4P-NPD FOLED in high voltage region is, however, lower than that of BPBPA device. Let us now turn to analyze the BPBPA and 4P-NPD FOLED including intercalated HBLs. Depending on the electron injection/transport into EML, the degree of S-shape of efficiency in the low luminance region varies even in 4P-NPD-based devices. However, the inflection point of 4P-NPD:TPM-TAZ FOLED is in far lower luminance region than that of BPBPA FOLED. The S values of 4P-NPD:TNPT and 4P-NPD:TPM-TAZ FOLEDs are 1.02 and 1.11 respectively. It can be interpreted
Current Efficiency at 1000 cd∕m 2 Current Efficiency at 1 cd∕m 2 Fig. 1 Energy band diagram and molecular structure of materials that the stronger electron injection into EML by TPM-TAZ leads the larger S value. Since the color coordinates do not vary as a function of the applied voltage, any possibility of recombination zone shift can be ruled out. The root cause of the S-shape variation is under further investigation [16] . Figure 2c shows the lifetime data of all the devices measured at a constant current density for an initial luminance of 500 cd/m 2 . The current densities applied to the devices were inversely proportional to the efficiency of the devices. Despite the higher current density, 4P-NPD based FOLEDs show a much higher operational stability than BPBPA based FOLEDs. In the previous report [13] , the operational stability and the S value were dramatically improved with a sacrifice of efficiency due to a reduction of electron injection into EML by an HBL. However, in this report 4P-NPD:TNPT and 4P-NPD:TPM-TAZ FOLEDs showed a lifetime of 180 and 145 h up to 97% of the initial luminance without a sacrifice or even an enhancement of the efficiency. With respect to the reference, BPBPA FOLED, current/power efficiency, lifetime and S value were successfully and simultaneously improved by 7.5/16%, 100%, and 56%, respectively. In addition, the operating voltage for 500 cd/m 2 was also decreased by 0.3 V in 4P-NPD:TPM-TAZ FOLED. All device performances are summarized in Table 1 . Interestingly, among the devices with the same HTL, the trade-off relationship between efficiency and lifetime still exists. In order to investigate the root cause of efficiency-lifetime trade-off, it is very important to understand the origin of different performance of FOLEDs for different HTLs. In the following section, various approaches were attempted to look into the leakage current, the exciton dynamics such as TTF, and recombination zone profile. The hole injection and transport into EML with BPBPA or 4P-NPD was evaluated using hole-only devices (HODs) with a device structure of ITO/HIL (10 nm)/HTL (120 nm)/ EBL (5 nm)/Host:Dopant (20 nm: 3 vol%)/HAT-CN (5 nm)/ Ag (80 nm). The current (J)-voltage (V) characteristics of the devices in space charge limited current (SCLC) region can be expressed by the following equation.
where V is the applied voltage, μ is the zero-field hole mobility, ε and ε 0 are relative dielectric constant and the free-space permittivity, respectively. L is the thickness of the organic layer. Since the hole injection through EBL into EML is critical in our experiments, EBL and EML (host and dopant) were included in the HODs. As shown in Fig. 3 , the current density of HODs with 4P-NPD is higher than that with BPBPA in the entire trap-charge limited current (TCLC) and SCLC region, indicating that hole mobility of 4P-NPD is higher than that of BPBPA. The extracted zerofield hole mobilities of BPBPA and 4P-NPD are 3.3 × 10 −4 and 4 × 10 −4 cm 2 /Vs, respectively. Notice that the turn-on voltage of HOD with 4P-NPD is also lower than that with BPBPA, implying that the hole injection barrier from HTL to EBL was also lowered due to the difference in HOMO levels of HTLs. With respect to the reference HTL, 4P-NPD clearly has superior hole injection/transport properties in the entire voltage range. In order to qualitatively measure the reduction of electron leakage as a result of applying 4P-NPD, we fabricated two FOLEDs with a sensing layer. The sensing layer was inserted between HTL and EBL to detect electron leakage from EML. Figure 4a compares the emission spectra from the sensing layer at 2.8 V. With BPBPA, the emission was mostly from the sensing layer, while with 4P-NPD, negligible intensity from the sensing layer was detectable. We also measured the spectral intensity as a function of applied voltage to analyze the hole supply into EML and the electron leakage from EML. Figure 4b shows the change of Commission internationale de l'éclairage (CIE) 1931 color coordinates from low (2.8 V) to high (5.4 V) voltage. The emission color from the device with BPBPA changed from red (0.643,0.348) in the low voltage to blue (0.148, 149) in high voltage, indicating the excitons were mainly formed in the sensing layer in the low voltage, not in the EML. This undoubtedly proves that electrons are the major carriers and a significant amount of electron leakage is present in the low voltage regime. However, in the high voltage, most of the excitons were formed in the EML, which implies the hole supply into EML increases and the electron leakage decreases as a function of voltage.
On the other hand, the emission color from the device with 4P-NPD almost unchanged. Even though the red emission from the sensing layer was also slightly detectable in the low voltage region, the electron leakage was dramatically reduced thanks to the enhancement of hole supply into EML by 4P-NPD as obviously shown in Fig. 4a . The color coordinates from the device with 4P-NPD ranged from (0.198, 0.181) to (0.142, 0.145). Since the larger amount of electron leakage was present in BPBPA device than in 4P-NPD device, the charge balance of BPBPA FOLED in the high voltage region cannot be higher than that of 4P-NPD FOLED in the low voltage region. Therefore, the efficiency of 4P-NPD device is higher than that of BPBPA device in low luminance region as shown in Fig. 2b . At the same voltage of 5.4 V, there is still a larger amount of electron leakage present in the device with BPBPA than that with 4P-NPD as shown in the inset of Fig. 4b . In our FOLEDs, it can be concluded that the electron leakage plays a key role to determine the device lifetime. Thus, the operational stability was tremendously improved by replacing HTL from BPBPA to 4P-NPD thanks to the reduction of electron leakage as shown in Fig. 4 .
In Fig. 2b , the efficiency of 4P-NPD device remained almost constant, while that of BPBPA device changed as a function of voltage. As well known, the external quantum efficiency (EQE) of OLED consists of 4 factors, which are charge balance (γ), singlet/triplet ratio (η), photoluminescence quantum efficiency (φ), and outcoupling efficiency (χ) as shown in Eq. 3.
Among those factors, photoluminescent quantum efficiency and outcoupling efficiency are generally unchangeable during J-V measurement. When a hole and an electron are recombined to form an exciton, the probability of singlet or triplet formation is quantum mechanically determined to be 25% or 75%, respectively. Typically, in fluorescent materials, only 25% of the recombined holeelectron (h-e) pairs are converted into singlets and emitted as photons, while 100% of h-e pairs can be converted into photons for light-emission in phosphorescent or TADF materials. Even though the probability of singlet/triplet formation is theoretically determined, the ratio of singlet/ triplet in the EML can be varied even after singlet or triplet excitons are formed. When two triplet excitons are nearby, they can collide with each other to form a highenergy singlet exciton, called TTF. Thus, both singlet/ triplet ratio and charge balance can be varied during J-V measurement. As aforementioned, the charge balance of BPBPA FOLED may not be higher than that of 4P-NPD FOLED due to the larger amount of electron leakage in the 4P-NPD FOLED throughout the voltage (or luminance) range. There is also a possibility that hole leakage in 4P-NPD device is larger than that of BPBPA device and this may deteriorate the charge balance. However, hole leakage is less sensitive than electron leakage since the host is an electron-transporting-type material [13] . Therefore, the fact that BPBPA device shows higher efficiency than 4P-NPD device in high voltage region cannot be explained in terms of charge balance. In order to investigate the contribution from TTF in the EML, we measured transient electroluminescence (EL) signals. The voltages for transient EL measurements were chosen for 500 cd/m 2 which is the condition for lifetime measurement. 400 μs of voltage pulse was applied at 10 Hz of frequency. reactions among the remaining long-lifetime triplet excitons. Thus, the PF/DF ratio is a very useful indicator to analyze the exciton dynamics in the EML [17] .
An equation for the time-dependent TTF process can be written as follows [18, 19] :
where N T , n p , and n trap , represent the density of triplet excitons, polarons, trapped charge, respectively. k T ,, k TTF , k TP , and k T-trap represent monomolecular decay rate of triplet excitons, and bimolecular collision rates of triplet-triplet, triplet-polaron, and triplet-trapped charges in the EML, respectively. At low triplet density k TTF N T ≪ k T monomolecular non-radiative decay process is dominant. The efficiency at the driving condition of 500 cd/m 2 was already saturated. Thus, at the end of the drive pulse (at 10 μs in Fig. 5 ), the triplet density is high enough for the condition of k T ≪ k TTF N T . We also assume that k TP , and k T-trap are negligible in the TTF-dominant system. Thus, the rate equation is reduced as Eq. (5) . Solving the rate equation, the solution can be obtained as Eq. (6) when k T ≪ k TTF N T . Therefore, the square root of the EL intensity by TTF can be expressed by a linear function of time [17] . The inverse square root of the EL intensity was clearly fitted with a linear function of time as shown in the inset of Fig. 5 , which indicated that the assumption we made in the rate equation was physically valid. The delayed emission was mainly attributed Transient EL signal of BPBPA device consists of 77% of prompt and 23% of delayed fluorescence, while 85% of prompt and 15% of delayed signal in 4P-NPD device. The inset shows the square root of the EL intensities and the intercepts at the pulse-off (10 μs) were 2.08 and 2.61 for BPBPA and 4P-NPD devices, respectively to the TTF process rather than delayed recombination of detrapped charges from shallow traps. The intercept value of the linear function was deduced as 2.08 and 2.61 and consequently, 23% and 15% of TTF ratio were estimated in for BPBPA and 4P-NPD devices, respectively.
Interestingly, the PF of BPBPA device (77%) is smaller than that of 4P-NPD FOLED (85%). Since the existing singlets were directly formed from h-e recombination, the charge balance in the EML is reflected in the PF signal, not in the DF signal. Because the CIEx and CIEy coordinates of blue emission from both devices are almost identical, the current efficiency directly represents the luminance at a current density of each device. The PF portion out of total emission from BPBPA and 4P-NPD devices are 385 (500 × 0.77) and 425 (500 × 0.85) cd/m 2 , respectively. This indicates that the charge balance of BPBPA FOLED is lower than that of 4P-NPD FOLED, which is consistent with the sensing layer experiment as shown in Fig. 4 . Since the charge balance of 4P-NPD device is higher than that of BPBPA device, there should be more triplet excitons in the EML of 4P-NPD device than BPBPA device, leading to higher TTF probability and efficiency simultaneously. However, the experimental results are exactly the opposite. In order to resolve the contradiction, we employed the sensing layer in the EML to examine the spatial distribution of excitons [7, 12] . Since TTF is a collision-based reaction, it depends not only on the number of triplets in the EML representing the charge balance but on the spatial density of triplet excitons. Figure 6 shows the exciton distribution in the EML of the devices. In both devices, the recombination zone is formed in close proximity to the interface of EBL and EML, which may be due to the electrical property of the anthracene-based host material. Nevertheless, in 4P-NPD FOLED, much broader recombination zone was found than in BPBPA FOLED. As shown in Figs. 2a and 3 , 4P-NPD exhibits the superior hole injection/transport capability to BPBPA, which is attributed to the energy barrier lowering at the interface between HTL and EBL. Thus, it is concluded that deep hole penetration by 4P-NPD with deep-lying HOMO consequently leads broader recombination zone. Even though the number of triplet excitons in 4P-NPD FOLED is higher than in BPBPA FOLED due to the higher charge balance, the spatial density is lower in 4P-NPD FOLED than in BPBPA FOLED, resulting in lower TTF ratio. Therefore, the root cause of efficiencylifetime trade-off in FOLEDs is the interrelation between electron leakage to EBL (lifetime) and TTF rate due to the width of the recombination zone (efficiency).
Conclusions
The efficiency and lifetime of the blue FOLEDs were improved by managing charge injection into EML using a multilayer hole transport stack employing 4P-NPD with a deep-lying HOMO. The enhancement of lifetime of FOLEDs with 4P-NPD was attributed to the dramatic reduction of electron leakage current which is a detrimental factor for operational stability. It was found that the TTF rate in the device with 4P-NPD was significantly lower than that in the reference device, which was due to the broad distribution of excitons in the EML. The optimization of the charge balance and the width of the recombination zone by engineering both hole and electron injection/transport into EML was the key to simultaneous enhancements of efficiency, lifetime and efficiency variation. 
